Electron-scale surface waves are shown to be unstable in the transverse plane of a shear flow in an initially unmagnetized plasma, unlike in the (magneto)hydrodynamics case. It is found that these unstable modes have a higher growth rate than the closely related electron-scale KelvinHelmholtz instability in relativistic shears. Multidimensional particle-in-cell simulations verify the analytic results and further reveal the emergence of mushroom-like electron density structures in the nonlinear phase of the instability, similar to those observed in the Rayleigh Taylor instability despite the great disparity in scales and different underlying physics. Macroscopic ( c/ω pe ) fields are shown to be generated by these microscopic shear instabilities, which are relevant for particle acceleration, radiation emission and to seed MHD processes at long time-scales.
A fundamental question in plasma physics concerns the stability of a given plasma configuration. Unstable plasma configurations are ubiquitous and constitute important dissipation sites via the operation of plasma instabilities, which typically convert plasma kinetic energy into thermal and electric/magnetic field energy. Plasma instabilities can occur at microscopic (particle kinetic) and macroscopic (magnetohydrodynamic, MHD) scales, and are generally studied separately using simplified frameworks that focus on a particular scale and neglect the other. This approach conceals the role that microscopic processes may have on the macroscopic plasma dynamics, which in many scenarios cannot be disregarded. It is now recognized, for instance, that collisionless plasma instabilities operating on the electron scale in unmagnetized plasmas, such as the Weibel [1] and streaming instabilities [2] , play a crucial role in the formation of (macroscopic) collisionless shocks in astrophysical [3] [4] [5] [6] [7] and laboratory conditions [8, 9] . These microscopic instabilities result from the bulk interpenetration between plasmas and are believed to be intimately connected to important questions like particle acceleration and radiation emission in astrophysical scenarios [10, 11] .
Plasma shear flow configurations can host both microscopic and macroscopic instabilities simultaneously, although the former have been largely overlooked. Shear flow settings have been traditionally studied using the MHD framework [12] [13] [14] , where the Kelvin-Helmholtz instability (KHI) is the only instability known to develop [15] . Only very recently have collisionless unmagnetized plasma shear flows been addressed experimentally [16] and using particle-in-cell (PIC) simulations, revealing a rich variety of electron-scale processes, such as the electron-scale KHI (ESKHI), dc magnetic field generation, and unstable transverse dynamics [17] [18] [19] [20] [21] [22] . The generated fields and modified particle distributions due to these microscopic processes can strongly impact succeeding macroscopic dynamics of the shear flow. However, whilst both the ESKHI and the dc magnetic field formation mechanism have been treated theoretically, an analytical description of the transverse shear instability, observed in kinetic simulations, is still lacking. An established analytical description is crucial in order to assess its relevance in different physical scenarios.
This Letter focuses on the shear surface instability that occurs in the plane perpendicular to that of the ESKHI. These new unstable modes explain the transverse dynamics and structures observed in PIC simulations in [17, 19, 20, 22] . We label this effect the mushroom instability (MI) due to the mushroom-like structures that emerge in the electron density.
We analyze the stability of electromagnetic perturbations in the transverse xy plane of a collisionless plasma shear flow with velocity profile v 0 = v 0 (x) e z . We assume a cold (v th v 0 , where v th is the thermal velocity) unmagnetized plasma, and impose charge and current neutrality, n e0 = n i0 = n 0 , v e0 = v i0 (subscripts e and i refer to electron and ion quantities, respectively) to guarantee initial equilibrium. We use a two-fluid model where the relativistic equations of motion of the electron and ion fluid are coupled to Maxwell's equations. We assume linear perturbations in the fluid quantities of the form f = f 0 + δf with δf =δf (x)e iky−iωt (ω ∈ C and k ∈ R are frequency and wavenumber, respectively) with all zeroth order quantities being zero except for n 0 (x) and v 0 (x). We find, for the perturbed current densities, δj x = −e(1 + m e /m i )n 0 δv ex , δj y = −e(1 + m e /m i )n 0 δv ey , δj z = −e(1 + m e /m i )(n 0 δv ez + δnv 0 ). Substituting in Maxwell's equations, we can simplify the original set of ten coupled equations in a reduced 2 × 2 system:¯ .δE = 0, where the coefficient of the tensor ij are operators of the form ij = 2 m=0 C ij,m (ω, k y , v 0 (x), n 0 (x))∂ x m and δE = (δE y , δE z ). In order to obtain analytical results we use a step velocity shear and density profile of the form
where H is the Heaviside function. Integrating¯ .δE = 0 for x = 0 and using the continuity of δE y and δE z across the shear interface, we find solutions corresponding to evanescent
By evaluating the derivative jump of the electric fields across the shear interface we arrive atĪ.δE 0 = 0, where δE 0 = (δ E y (0),δ E z (0)) and I ij = a
⊥ . The dispersion relation is finally obtained by solving det(Ī) = 0. In the special case, n + = n − =n 0 and v + = −v − =v 0 , the growth rate reads
with Γ = Im(ω) and D = 1/γ
pe . The fastest growing mode of this unstable branch (∂ k Γ = 0) is found at k → ∞ (it will be shown later that finite thermal effects and/or smooth velocity shear profiles introduce a cutoff an finite k). This limit corresponds to the maximum growth rate of the instability Γ max for a given shear flow Lorentz factor, and it is given by Γ max /ω pe =v 0 /c √γ 0 . In the limit, n The MI and ESKHI [17] growth rates are compared for different shear Lorentz factors and velocities in Figure 1 . It is clear that the ESKHI has higher growth rates than the MI for subrelativistic settings. However, the MI growth rate decays withγ
, slower than the ESKHI, which decays withγ
, as shown in Figure 1 .b. Therefore, given that the noise sources for both instabilities are similar, the MI is the dominant electron-scale instability in relativistic shear scenarios.
To verify the theoretical model and better understand the underlying feedback cycle of the MI, we first analyze the evolution of a single unstable mode in an electron-proton (e − p + )
shear flow using the PIC code OSIRIS [23, 24] . We simulate a domain with dimensions 20×5 (c/ω pe ) 2 , resolved with 40 cells per c/ω pe , and use 36 particles per cell per species. The shear flow initial condition is set by the velocity fieldv 0 = +0.5c for L x /4 < x < 3L x /4, and The inclusion of thermal effects should introduce an instability cutoff at a finite wavenum- (exact for ξ = k B T R /m e c 2 1), restricting the thermal expansion at high γ 0 . The average particle Lorentz factor increases with T R as γ ∼ γ 0 (1 + (1 + µ(ξ))ξ) [30] , where µ(ξ) = 3 (3/2) for ξ 1 (ξ 1); this factor modifies the growth rate of the MI to Γ max /ω pe ∼ 1/ γ (for the symmetric shear scenario) due to the enhanced average relativistic particle mass.
Hence, thermal expansion effects remain negligible as long as c β grid. As expected, the MI growth rate decreases with ξ + (Figure 3.b) , and is consistent with the temperature-enhanced average relativistic particle mass predicted analytically. The evolution of the electron density around one of the shear interfaces of the system is presented in Figure 4 for the case ξ + = 1. At early times, k k cutoff structures are observed in the electron density in Figure 4 .a1. These small-scale structures, which are essentially surface current filaments, magnetically interact with each other and merge (Figure 4 .a2-3), forming larger-scale structures in a similar manner to the current filament merging dynamics associated with the current filamentation instability [31] . The evolution of the self-generated magnetic field structure is also illustrated in Figure 4 . In addition, saturation of the selfgenerated magnetic field (B sat ) is achieved when Γ max ∼ ω B = eB sat /m γ + , based on magnetic trapping considerations [32] .
We have also considered the effects of a smooth shear in the development of the MI. We have performed 2D PIC simulations with velocity profiles of the form
where L v is the shear gradient length, which reveal the persistent onset of the MI at gradient lengths up to L v = c/ω pi c/ω pe (where ω pi is the ion plasma frequency). The MI can thus be of relevance to the physics on the ion length/time scale. It is found that the introduction of the finite shear length L v also leads to a fastest growing mode at a finite k max 2π/L v .
The growth rate Γ max of the MI decreases with increasing L v , but remains higher than the ESKHI for the same L v in relativistic scenarios.
Interestingly, due to its electromagnetic nature, the MI is found to operate in the absence of contact between flows, i.e., in the case of a finite gap L g separating the shearing flows ( Figure 5 ), highlighting the different nature of the MI compared to the (bulk) two-stream and current filamentation instabilities. This setting is closely connected to the work explored in [33] on the development of optical instabilities in (subrelativistic) nanoplasmonic scenarios, consisting of shearing metallic slabs separated by a nanometer-scale gap; the development of such instabilities results in an effective non-contact friction force between slabs [34, 35] .
The role of the MI, however, was overlooked since only subrelativistic configurations were considered; the transverse MI mode will be predominant in the relativistic regime. The new MI modes are found by taking into account the new boundary conditions imposed by the gap. The new eigenmodes of the system have a more complex spatial structure; the surface waves peak at the flow boundaries, evanesce with k ⊥ | n 0 =n e0 and k ⊥ | n 0 =0 in the plasma and vacuum regions, respectively, and couple in the gap. Therefore, the interaction between flows across the gap is strong as long as L g k ⊥ | n 0 =0 ∼ 1. Simulations show that the most unstable mode is found at k max ∼ 2π/L g and that the instability growth rate decreases as the gap is broadened, Γ
In conclusion, we have described a fast-growing electron-scale instability (MI) that develops in unmagnetized shear flows, and that explains the structures observed in [17, 19, 20, 22] .
We have shown via analytic theory that the MI grows faster than the closely related ESKHI (that operates in the perpendicular plane) in relativistic shears. These analytical results support the findings reported in [17] , where 3D PIC simulations of cold, unmagnetized shear flows were investigated, showing the simultaneous operation of the ESKHI and MI, and where it was found that the MI dominates over the ESKHI in relativistic scenarios. 
